Phloroglucinol and resorcinol are not substrates for clingstone peach (Prunus persica) polyphenol oxidase, but they react with 4-methyl-o-quinone, produced either enzymatically or nonenzymatically, to give an intense red or red-brown color with a maximal absorption at about 470 nanometers. Several colored products were isolated from an ethyl acetate extract of the reaction by two-dimensional thin layer chromatography. Based on thin layer chromatographic and spectral studies of the enzymatic and nonenzymatic reactions, polyphenol oxidase does not play a role in the reaction between 4-methyl-o-quinone and phloroglucinol, resorcinol, d-catechin, or orcinol. In such reactions, the function of polyphenol oxidase is the formation of 4-methyl-o-quinone which then reacts nonenzymatically with the above phenols. Activation energies of both enzymatic and nonenzymatic reactions were determined. o-Benzoquinone, as well as other o-quinones produced from the oxidation of catechol, is highly reactive. Not only can it react with other molecules of catechol (3), but it also reacts with amino acids, peptides, and proteins (10, 12, 13) . Loomis and Battaile (9) pointed out that phenols can combine with proteins reversibly by hydrogen bonding, but after oxidation they combine with proteins irreversibly via covalent condensation.
o-Benzoquinone, as well as other o-quinones produced from the oxidation of catechol, is highly reactive. Not only can it react with other molecules of catechol (3) , but it also reacts with amino acids, peptides, and proteins (10, 12, 13) . Loomis and Battaile (9) pointed out that phenols can combine with proteins reversibly by hydrogen bonding, but after oxidation they combine with proteins irreversibly via covalent condensation.
Phenolic compounds such as phloroglucinol and resorcinol are inhibitors of some polyphenol oxidases. For example, both phloroglucinol and resorcinol are competitive inhibitors of potato PPO3 (16) , and phloroglucinol is a competitive inhibitor of peach PPO (14) . On the other hand, Shannon and Pratt (17) reported that addition of phloroglucinol or resorcinol increased the rate of browning in the apple PPO-catalyzed oxidation of chlorogenic acid.
Although free phloroglucinol and resorcinol are not abundant in plants, their derivatives such as the flavonoid compounds are distributed widely in plants. Using 4 .5 X 10 M in all reactions. The amount of enzyme used in all reactions was 0.01 mg/ml and was added last to initiate reaction. The rate of reaction was measured at 420 nm and 30 C with a Beckman DB recording spectrophotometer.
In the absence of other phenolics, the effect of 4-methylcatechol concentration on enzyme activity was studied at 420 nm. 4-Methylcatechol concentrations were varied from 9.3 X 10' to 55.8 X 10-M. The Michaelis constant was determined by the method of Lineweaver and Burk (8) .
Absorption Spectral Studies. The following reaction mixtures were prepared and incubated at 30 C: (I) for the enzymatic reaction: (a) 4 phloroglucinol. Spectra of each reaction were taken after 10 min, 2 hr, and 2 days. All reagents were prepared in 0.1 M citrate-0.2 M phosphate buffer, pH 6.8.
Chemically synthesized 4-methyl-o-quinone was prepared according to Cason (1) and recrystallized twice from benzene. The product was kept in a brown bottle and stored in a freezer for better stability.
Thin Layer Chromatography. For the enzymatic reaction, phloroglucinol at a final concentration of 8.2 X 10-' M was prepared in 5 Pigments separated on the thin layer sheets could be seen under visible and/or ultraviolent light. The sheets were also sprayed with ammoniacal silver nitrate according to Roux and Maiths (15) . Spots on the preparative thin layer plates were scraped out and extracted with deionized water. Their visible and ultraviolet spectra were taken in deionized water using a Beckman DB spectrophotometer. In determination of activation energies, the temperatures were measured accurately with a temperature potentiometer (No. 8692, Leeds and Northrup Co.). The activation energies were determined from a least squares analysis of the data according to the Arrhenius equation.
RESULTS
Effect of Phenolics. In agreement with an earlier observation by Shannon and Pratt (17) , there was a marked increase in absorbance at 420 nm when phloroglucinol, resorcinol, d-catechin, or orcinol was added to a reaction mixture of PPO D and 4-methylcatechol. Possible explanations for the above observation might be one or both of the following: (a) an activating effect on the enzyme possibly due to allosteric effects and (b) reaction with the oxidized 4-methylcatechol intermediate or products to form intensely colored compound(s).
The first possibility was ruled out quickly based on the observation that (a) no sigmoidal curve was obtained when the rate of reaction was plotted against concentration of phloroglucinol or other phenolics ( Fig. 1) , and (b) a red-brown colored product was observed which was completely different from the color of the oxidation products(s) of 4-methylcatechol. Since a different product was formed, the possibility of phloroglucinol, or one of the other phenolics, reacting with one or more of the following compounds was determined: (a) 4-methylcatechol, (b) 4-methyl-o-quinone, and (c) further oxidized product(s). To investigate the first possibility, 4-methylcatechol at different concentrations in 0.1 M citrate-0.2 M phosphate buffer, pH 6.8, was allowed to react with phloroglucinol at 30 C for 2 hr in the absence of PPO D. In contrast to the rapid formation of the red-brown color when PPO was added, only a light red color was observed. When air was excluded by bubbling nitrogen through the reaction mixture, no color was observed. Therefore, the small amount of color formed was due to the reaction of phloroglucinol and autoxidized 4-methylcatechol.
The second and third possibilities were investigated together. Different concentrations of phloroglucinol were added to separate reactions at 90, 150, and 300 sec after 4-methylcatechol oxidation had been started by adding PPO D. The rate of increase in absorbance at 420 nm became less when phloroglucinol was added at the later stages of the reaction. This is shown in Figure 2a , where the initial rates of change in absorbance are plotted against the concentrations of phloroglucinol used. The reaction rate at 300 sec decreased about 2.5-fold compared to that when phloroglucinol was added at 90 sec. When the initial slopes of the lines of Figure 2a were replotted, it was found (Fig. 2b ) that the slope (0.013 min-1) was almost the same as the decrease in absorbance in the control reaction (slope = 0.016 min-'). In other words, the decrease in rate of absorbance change at 420 nm when phloroglucinol was added at the later stage of the reaction was due to decrease of concentration of the initial intermediate of The spectra of the oxidation product(s) of 4-methylcatechol generated by PPO D at different reaction times (Fig. 4) showed no maximal absorption peaks. The absorption increased between 10 min and 2 hr, but no further change was found in the 2-day reaction. On the other hand, reactions in the presence of phloroglucinol, d-catechol, resorcinol, and orcinol (only spectra of phloroglucinol reaction are shown in Fig. 4 ) resulted in the formation of a stable compound(s) with absorption maxima at 460 to 475 nm (see Table I ). In all cases there was an increase in absorbance between 10 min and 2 hr which indicated that more of the same compound(s) was being formed, as more 4-methyl-o-quinone was being produced.
When 4-methyl-o-quinone was used as starting reactant in absence of enzyme, the reactions were over in less than (Fig. 3a) Tables II and III.) 1. Two spots (spots 17 and 18-19) were always detected when an extract from oxidation of 4-methylcatechol or 4-methyl-o-quinone alone was used. One of these spots was pink and the other colorless but showed blue fluorescence under ultraviolet light. Also, a light brown to reddish brown spot (spot 1) which remained at the origin seemed to be derived from 4-methyl-o-quinone or the enzymatic oxidation of 4-methylcatechol.
2. When the aqueous reaction mixture was reduced with sodium dithionite, the color changed from red-brown to yellow.
However, the ethyl acetate extract of the reduced material gave the same number of spots with almost the same color as the nonreduced sample. The spectra of some spots separated from the reduced extract shifted slightly to the shorter wavelength, but the RF values did not change substantially. 3 . With the solvent systems described, the colored compounds from the resorcinol reactions could be separated better than those from the phloroglucinol reactions. 4 . Two to three more compounds were formed with resorcinol than with phloroglucinol.
5. Compounds from the phloroglucinol reactions were more intense in color and had absorption maxima at longer wavelengths than those formed with resorcinol.
6. In addition to the compounds that originated from the oxidation of 4-methylcatechol or from 4-methyl-o-quinone alone, at least four to eight compounds were formed from the reaction between 4-methyl-o-quinone and phloroglucinol or resorcinol. 7 . The reaction between chemically synthesized 4-methyl-oquinone and phloroglucinol or resorcinol gave about the same number of spots with the same color as that of enzymatically produced 4-methyl-o-quinone. Most of the spots had the same RF, values. Exceptions to this are spots 8, 14, and 15 for the enzymatic reaction (Table II) and spots a and b for the nonenzymatic reaction (Table III) . (Tables II and III) .
Determination of Activation Energies of the Reactions. From the data of Figure 1 , it was found that 3.3 X 10-' M phloroglucinol and d-catechin and 2.7 X 10' M resorcinol and orcinol would be good concentrations to use in these studies since the rate is independent of their concentration and they are not appreciably inhibitory of PPO D. The concentration of 4-methylcatechol was varied in a range where the rate of formation of 4-methyl-o-quinone would be proportional to the concentration of 4-methylcatechol used (Km for 4-methylcatechol was 1.32 X 10-' M). In this investigation, the concentration of phenolic compounds was held constant, and that of 4-methylcatechol or 4-methyl-o-quinone was varied in order to measure their effect on the rate of reaction. Figure 5 shows the effect of concentration of 4-methylcatechol on rate of formation of colored products with phloroglucinol, d-catechin, resorcinol, and orcinol at 21.0 C. Within the same type of reaction, either enzymatic or nonenzymatic, the d-catechin reaction was always the fastest. Although dcatechin is a substrate for peach PPO, at the concentration used it did not contribute any measurable absorption at 470 nm when it was oxidized alone by the enzyme.
A linear relationship between log slope, obtained from data plotted as in Figure 5 , and the reciprocal of absolute temperature was obtained except above 40 C (Fig. 6) The reaction between resorcinol and 4-methyl-o-quinone gave more compounds than the phloroglucinol reaction. There are more positions available on the resorcinol ring to couple with 4-methyl-o-quinone, and thus more isomers might be expected. Based on data from the reaction between resorcinol and p-benzoquinone (18), the similar condensation reactions of pyrogallol and methyl gallate (5), the enzymatic oxidation of catechin (6) , and the autoxidation of resorcinol (7) Figures 2 and 3 . Its primary function is in the formation of 4-methyl-o-quinone, since nonenzymatically synthesized 4-methyl-o-quinone added to these compounds gave the same colored products with the same absorption spectra. The slight differences between the two reactions as indicated by thin layer chromatographic separations may be due to instability of the nonenzymatically synthesized 4-methyl-o-quinone. Limited data indicate that addition of PPO at the concentrations used in this work to a reaction containing chemically synthesized 4-methylquinone and resorcinol has no effect on the rate of reaction between the two or on the absorption maximum of the product.
Activation energies of the enzymatic reactions are much lower than those of the nonenzymatic reaction for formation of the red-brown compounds. Although the compounds produced in both reactions were quite similar, studies on the reaction rates and activation energies suggest that the rate-determining steps in the enzymatic and nonenzymatic reactions are different. In the enzyme-catalyzed reaction the rate-determining step (at least in part) was formation of the 4-methyl-o-quinone.
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